We present radio observations of the afterglow of the bright γ-ray burst GRB 991208 at frequencies of 1.4, 4.9 and 8.5 GHz, taken between two weeks and 300 days after the burst. The well-sampled radio light curve at 8.5 GHz shows that the peak flux density peaked about 10 days after the burst and decayed thereafter as a power-law F R ∝ t −1.07±0.09 . This decay rate is more shallow than the optical afterglow of GRB 991208 with F o ∝ t −2.2 , which was measured during the first week. These late-time data are combined with extensive optical, millimeter and centimeter measurements and fitted to the standard relativistic blast wave model. In agreement with previous findings, we find that an isotropic explosion in a constant density or wind-blown medium cannot explain these broadband data without modifying the assumption of a single power-law slope for the electron energy distribution. A jet-like expansion provides a reasonable fit to the data. In this case, the flatter radio light curve compared to the optical may be due to emission from an underlying host galaxy, or due to the blastwave making a transition to non-relativistic expansion. The model that best represents the data is a free-form model in which it is assumed that the broadband emission originates from a synchrotron spectrum, while the time-evolution of the break frequencies and peak flux density are solved for explicitly. Although the decay indices for most of the synchrotron parameters are similar to the jet model, the evolution of the cooling break is unusually rapid ν c ∝ t −2 , and therefore requires some non-standard evolution in the shock.
Introduction
The afterglow of GRB 991208 was one of the brightest observed to date. Shortly after the coordinates of the γ-ray error box were made known, a previously uncataloged radio source was discovered near its center. Based on the source location, its inverted spectrum and compactness, it was a strong candidate for being the radio counterpart of GRB 991208 (Frail et al. 1999) . This was confirmed by the subsequent discovery of an optical transient at the same location as the radio source (Castro-Tirado et al. 1999) . Follow-up optical observations taken from 2 to 7 days after the burst showed that the spectral and temporal characteristics of this burst could be represented by power-law indices α = 2.2 ± 0.1, and β = 0.75 ± 0.03, where F(t) ∝ t −α ν −β (Sagar et al. 2000) . With added data, Castro-Tirado et al. (2001) determined α = 2.3 ± 0.07, and a somewhat steeper β = 1.05 ± 0.09. The γ-ray properties, the localization and the subsequent afterglow discovery for GRB 991208
are presented in more detail by Hurley et al. (2000) .
GRB 991208 was also very bright at millimeter wavelengths (Shepherd et al. 1999) and as a consequence, well-sampled spectra and light curves covering frequencies between 1.43 to 240 GHz were taken during the initial two weeks following the burst (Galama et al. 2000; Paper I ). These observations made it possible, for the first time, to trace the time-evolution of the synchrotron spectrum directly without resorting to specific models for the evolution of the characteristic frequencies and the peak flux density. In comparing these results with model predictions it was found that spherically symmetric explosions in homogeneous or wind-blown circumburst media could be ruled out. A model in which the relativistic outflow is collimated (i.e., a jet) was shown to account for the observed evolution of the synchrotron parameters, the rapid decay at optical wavelengths, and the observed radio to optical spectral flux distributions, provided that the jet transition has not been fully completed in the first two weeks after the event.
This high quality dataset stimulated other modeling efforts for GRB 991208. Li and Chevalier (2001) argued that an isotropic explosion in a wind-blown ambient medium described the data equally well. However, in order to account for the fast decay of the optical light curves with respect to the radio light curves, they invoked a non-standard break in the electron energy distribution. Panaitescu & Kumar (2002) also required a broken power-law and they concluded that the best fit to the data was obtained for a jet-like outflow with an opening angle of about 15
• expanding into either a constant density or wind-blown circumburst medium. Dai & Gou (2001) present a variation on these other efforts, arguing that the steep optical decay is due to an anisotropic jet viewed off axis, which is expanding into a wind from a red supergiant.
In view of the disparate conclusions reached on the basis of this early afterglow data, there is some hope that with further monitoring of the afterglow it may be possible to distinguish between these models. Accordingly, in this paper we present radio observations of GRB 991208 made with the VLA and the Very Large Baseline Array (VLBA) which began at the end of the two week period covered in Paper I and continued until the burst faded below our detection limits. We focus on the interpretation of the observations in terms of the predictions made by relativistic blast wave models. The observations and results are presented in §2 and §3 and are discussed in §4. determined by a least squares fitting of the Gaussian-shaped synthesized beam to the source. For very faint detection levels (< 3σ) we used the peak flux density at the position of the radio counterpart (Frail et al. 1999) . A log of the observations is provided in Table 1 .
Very Long Baseline Array
Observations centered at 8.35 and 4.85 GHz were made using the NRAO Very Long Baseline Array (VLBA) at four epochs. At both frequencies the observations consisted of eight channels of bandwidth 8 MHz (64 MHz total bandwidth) spaced equally over a ∼ 0.5
GHz frequency span. The phases were calibrated using the calibrator source 1637+472.
At each epoch the observations lasted ∼ 9 hours (divided over the source, calibrators 4 The NRAO is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
and frequency switches). These observations were designed for an interstellar scintillation experiment (requiring substantial time and frequency span), the results of which will be presented in a separate paper. Here, in Table 2 , we report just the time-averaged flux densities.
Results
Multiwavelength light curves of the event are presented in Figure 1 . Data are from this work (Tables 1 and 2 ) and Paper I. Optical observations are taken from Castro-Tirado et al. (2001), were we have only included early data (less than 10 days after the event) to measure the 'pure' afterglow emission (i.e., where the underlying host does not contribute significantly).
The VLBA measurements may suffer from amplitude losses as a result of imperfect phase referencing. The lightcurves indicate that such losses may be significant since at 8.46
GHz the VLBA data seem to be systematically lower than the VLA data.
The 8.46 and 4.86 GHz light curves rise to a maximum around 10 days. While the 8.46 GHz light curve is smoothly rising to a maximum of about 2 mJy during the first week, it undergoes a sudden drop to about 1 mJy (around 9 days after the burst) followed by a second peak (around 12 days). Such erratic flux density variations are the hallmark of interstellar scintillation (ISS). We will return to this point in §3.1. The overall trend in Figure 1 is for the peak flux density to decline with decreasing frequency. A linear least squares fit was carried out to the late time radio light curve (∆t=53-293 days) at 8.46 GHz, and we derived a temporal decay index α R = 1.07 ± 0.09 (χ r 2 = 1.07, where
This is to be compared with the much steeper optical decay α o = 2.2 ± 0.1 determined at ∆t=2-10 days (Sagar et al. 2000) . Reconciling this difference between the optical and radio decay indices is one of the main challenges in modeling the afterglow of GRB 991208 (see §4).
Interstellar Scintillation
The lines-of-sight towards most GRBs traverse a considerable pathlength through the turbulent ionized gas of our Galaxy. As a result, the radio emission from GRB afterglows is expected to be affected by interstellar scattering (ISS). Indeed, as predicted by Goodman (1997) , ISS has been positively identified in several cases (e.g. Frail et al. 1997) . The subject of ISS is a large one (see review by Rickett 1990) , and encompasses a range of observational phenomenology. Here we concern ourselves with estimating the importance of ISS-induced modulation of our flux density measurements as a function of time and frequency. For more detailed treatments of ISS see Goodman (1997) and Walker (1998).
The character of the expected flux density fluctuations depend on whether the scattering takes place in the "strong" or "weak" regimes. We define a transition frequency ν 0 below which the density irregularities can induce strong phase variations and above it there is only weak scattering (WISS). Strong scattering can result in both slow, broad-band changes, due to refractive interstellar scintillation (RISS), and fast, narrow-band variations due to diffractive interstellar scintillation (DISS). The value of ν 0 along any given line-of-sight depends on the strength of the scattering and the total pathlength. The amount of scattering is parameterized by the scattering measure, SM, as modeled for the Galaxy by Taylor and Cordes (1993) . For convenience we assume that the scattering along the line-of-sight takes place in a thin screen located at d scr ∼ (h z /2) sin|b| −1 , where h z (≃ 1 kpc) is the exponential scale height of the ionized gas layer (Reynolds 1989 ).
Radio afterglow emission will be modulated by ISS provided that the source size θ s is close to one of the three characteristic angular scales (1) 
for ν > ν 0 and θ s < θ w (WISS),
for ν < ν 0 and θ s < θ r (RISS).
(1)
The expansion of the afterglow may cause θ s to eventually exceed one or more of the three characteristic angular scales that define the different scattering regimes. 
2).
Then the modulation will begin to "quench" as follows:
for ν > ν 0 and θ s > θ w (WISS),
for ν < ν 0 and θ s > θ r (RISS). for the fireball to reach the angular size given on the left hand side. We have assumed that the emission from GRB 991208 originates from a jet-like outflow for t jet ≤ 2 days and used the relevant expression for θ s in Appendix A. At a redshift z = 0.7055 (Dodonov et al. 1999 , Djorgovski et al. 1999 Tables 1 and 2 (and indicated as small crosses in Figure 2 ) lie on either side of ν 0 and were taken during a time when θ s expanded to eventually exceed θ F 0 .
It is apparent in Figure 2 that most of the observations were taken in the weak scattering regime (ν > ν 0 ). Furthermore, for ν > 15 GHz, θ s > θ w and therefore we expect that the observed variations will be dominated by source evolution and measurement error, we can independently check on this prediction by subtracting out any linear trend and computing the scatter. For different assumed curves we find within the first two weeks of observations an r.m.s. scatter of 20-30%, suggesting that the strength of scattering along this line-of-sight may be slightly weaker than we have predicted.
We also expect large variations in the flux density at ν = 4.86 GHz but these are difficult to quantify, owning to the proximity of ν 0 (Walker 1998). 
Synchrotron emission
The radio/mm/optical to X-ray afterglow emission is believed to arise from the forward shock of a relativistic blast wave that propagates into the circumburst medium (see Piran 2000, van Paradijs, Kouveliotou & Wijers 2000 for reviews). The electrons are assumed to be accelerated to a power-law distribution in energy, dN/dγ e ∝ γ −p e , for γ > γ m , and radiate synchrotron emission; where γ e is the Lorentz factor of the electrons, γ m is the minimum Lorentz factor, and p the power-law index of the electron energy distribution. Detailed calculations by Granot, Piran and Sari (2000a,b) and Granot and Sari (2002) have shown that to good approximation (to within a few percent) the synchrotron afterglow spectrum can be described by the following function
Where, F m is the synchrotron peak flux density at the peak frequency ν m , and ν a is the synchrotron self-absorption frequency. The index n = −0.837 (Granot & Sari 2002) and controls the sharpness of the peak at ν m . We have assumed slow cooling, i.e. ν m ≪ ν c , where ν c is the synchrotron-cooling frequency. Castro-Tirado et al. (2001) have measured a steeper optical slope β than Sagar et al. (2000) and have argued that this is evidence that the afterglow observations of GRB 991208 require the synchrotron cooling break to be located between radio and optical wavelengths. We model a possible synchrotron cooling break by a sharp spectral break with decrement ∆β = 0.5 at ν = ν c , and parameterization
The evolution of the break frequencies ν a and ν m , ν c and the peak flux density F m follows from assumptions on the dynamics of the relativistic blast wave. It is common practice to assume three cases: i) propagation into a constant density ambient medium (ISM; Sari, Piran and Narayan 1998), ii) propagation into a wind-stratified ambient medium (WIND; Li 1999, 2000) , and iii) a blast-wave that is collimated in a jet (JET;
Sari, Piran and Halpern 1999; note that the evolution in the case of a jet is rather insensitive to the density structure of the ambient medium; for details see Kumar and Panaitescu 2000) . The three cases have in common that the synchrotron parameters all evolve as power laws in time (i.e., F m = C F t −α F , ν a = C a t −αa , ν m = C m t −αm and ν c = C c t −αc ) but differ in the values of their decay indices and coefficients. In addition to assuming model-dependent decay indices, in this paper and in Paper I we solved for α F , α a , α m and α c explicitly by model fitting the above synchrotron spectrum (FREE). The advantage of this approach is that it assumes only that the afterglow is due to synchrotron emission with a power-law distribution of electron energies, and it imposes no physical constraints on the geometry of the outflow, the microphysics of the shock or the density structure of the circumburst medium.
Modeling the light curves
We fit the function F (ν; C F , C a , C m , C c , α F , α a , α m , α c , p) in Eqn. 3 to the observations presented in Paper I, this work (Tables 1 and 2 ) and the early time optical data of Castro-Tirado et al. (2001) . We minimize the χ 2 of the fit by the Levenberg-Marquardt least-squares minimization scheme. We account for the effect of interstellar scintillation by adding in quadrature the predicted scatter due to ISS (see previous discussion) to the measurement error. We determine the 68.3 % (1σ) uncertainties in the parameters by plotting contours in chisquared where χ 2 is raised by 2.3 as a function of the two relevant parameters and by leaving the remaining parameters free. The result of the best fits are shown in Figure 1 and presented in Table 3 .
In addition to this free-form model (FREE), we also fixed the decay-rate parameters (α F , α a , α m , and α c ) at the predicted values for the constant density ISM, the WIND and the JET model and repeated the fit. The results of the JET fit are shown in Figure 3 and presented in Table 3 . As expected from the earlier attempts in Paper I, the standard WIND and constant density ISM fits were rejected as unsuitable (χ 2 r > 8). These fits do not account well for the combination of the rapid decay at optical wavelengths and the more shallow decay at radio wavelengths.
Discussion
The principal challenge in modeling the afterglow of GRB 991208 is in simultaneously fitting for the decay of the radio (α R = 1.07 ± 0.09) and optical (α o = 2.2 ± 0.1) light curves.
The model that best represents the data is the free-form model (FREE) in which all the parameters in Eqn. 3 were solved for. The FREE model shown in Figure 1 and summarized in Table 3 differs from the original model presented in Paper I in several respects. Most notably, with the addition of the optical data from Castro-Tirado et al. (2001) , it has been necessary to allow for a cooling break between the optical and millimeter bands ( §3.2).
This has the effect of flattening the value of p which improves the fit to the decay of the optical light curve. A cooling break in the spectrum also alters the temporal decline of the synchrotron parameters but the values in Table 3 GHz is predicted to be a factor of 10 times larger than what is measured. This is likely due to the relatively slow evolution of ν a where α a = 0.29, a value that is closer to the JET model (α a = 0.2) than the WIND model (α a = 0.6).
In Paper I when the spectral fits were compared with the expectations for specific models, satisfactory agreement was found for the JET model. Nevertheless, there were a number of discrepancies, notably the decline in the peak flux density F m was too shallow, and the value for the slope of the electron energy distribution p = 2.52 was steeper than that implied by the decay of the optical light curves p ∼ 2.2. It was proposed that these problems with the JET model could be reconciled if the jet was in transition to its fully asymptotic behavior. In our new JET model (see Fig. 3 and Table 3 ) the addition of a cooling break improves the overall quality of the fit considerably. Despite this agreement, there is a suggestion in Fig. 3 that the JET model is having some difficulties with the late time radio measurements. Most of the excess χ 2 in the JET model results from the fact that the late-time light curve (∆t >100 days) at 8.46 GHz is flat, α R ∼ 1.1, whereas the JET model predicts that the flux density will fall as F ν ∝ t −p , in agreement with α o ∼ 2.2.
There are two additional effects, not accounted for in our analysis, that could make We can therefore infer that the SFR in the host of GRB 991208 is probably no higher than a few tens of M ⊙ yr −1 . Deeper radio observations taken a year or more after the burst, when the emission from the afterglow is negligible, are needed to provide a more accurate estimate of the star formation rate. Another possible source of the flattening of the radio light curves could be the transition of the relativistic blast wave to non-relativistic expansion. Frail, Waxman, & Kulkarni (2000) modeled the decay of the radio light curves for GRB 970508
at ∆t ∼ > 100 days as a non-relativistic expansion. The expected decay rate in this phase of the evolution is α NR = 3(p − 1)/2 − 3/5 ≈ 1.2 for p = 2.2. Thus, it is possible that the difference in decay rates is due to a transition to non-relativisitic expansion at t ∼ 40 days.
More sophisticated modeling is needed which explicitly includes the evolving dynamics of the blastwave (e.g., Harrison et al. 2001 , Panaitescu & Kumar 2002 in order to test this hypothesis.
In summary, with continued monitoring of the bright afterglow of GRB 991208, it has been possible to track the evolution of its radio light curve out to nearly 300 days after the burst. The power-law decline of the optical light curve at early times is considerably steeper than the radio light curve at late times. There are several different explanations for reconciling this disparate behavior, including modifying the standard relativistic model with non-standard electron distributions, and with circumburst densities or equipartition parameters ǫ B that increase with time. However, the simplest explanation which is consistent with the data and requires no significant modifications, is that the blastwave of GRB 991208 entered a non-relativistic expansion phase several months after the burst.
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, the synchrotron self-absorption frequency ν a = C a × t 
A. Observed Angular Size
The relation between observed time, T , real time t, the radius R and the angle µ = cos θ is given by
R and t are related by some hydrodynamic solution given by the dynamics of the shock, so that in a given observed time T , R is a function of µ only. Shock dynamics are usually described by a powerlaw, γ ∼ R −m/2 . Therefore, t = R c 1 + 1 4(m + 1)γ 2 .
Substituting into equation A1 gives
cT /R = 1 − µ + 1 4(m + 1)γ 2 .
Following Sari (1998) we define γ L to be the Lorentz factor of the fluid behind the shock on the line of sight and R L to be the shock radius on the line of sight, both at time T . We get The perpendicular size, in which we are interested, is given by
It is therefore maximal when R 2 (1 − µ) is maximal.
, and the maximum is obtained for
The maximal perpendicular size from which radiation arrives is therefore given by
.
We now only need to get the coefficient for the relation between R L and T to get a closed expression. Roughly this is given by E ∼ R 3 ρc 2 γ 2 where ρ is the density just in front of the shock. The more exact result is given by Blandford and Mckee (1976; their Eq. 69 ) as .
For a wind we have m = 1 so
